Shape memory alloys (SMAs) with cellular structure offer a unique mixture of thermo-physical-mechanical properties. These characteristics can be tuned by changing the pore size and make the shape memory metallic foams very attractive for developing new devices for structural and functional applications. In this work, CuZnAl SMA foams were produced through the liquid infiltration of space holder method. In comparison, a conventional CuZn brass alloy was foamed trough the same method. Functional performances were studied on both bulk and foamed SMA specimens. Calorimetric response shows similar martensitic transformation (MT) below 0°C. Compressive response of CuZnAl revealed that mechanical behavior is strongly affected by sample morphology and that damping capacity of metallic foam is increased above the MT temperatures. The shape memory effect was detected in the CuZnAl foams. The conventional brass shows a compressive response similar to that of the martensitic CuZnAl, in which plastic deformation accumulation occurs up to the cellular structure densification after few thermal cycles.
Introduction
Cellular metals and metallic foams are metals with high volume pores integrated in their structure (Ref 1) . They can offer a unique mix of properties, which cannot be found in traditional materials. These new materials can indeed combine physical, thermal and mechanical properties of their respective bulk materials to the foam properties, such as the capability of passive suppression of acoustic and mechanical vibrations, lightness and improved thermal capacity (Ref 2) . The use of cellular materials may offer improvements in different application fields, like ship building, aerospace industry and civil engineering, for lightweight constructions, energy absorption, acoustic and thermal control (Ref 3) . Different characteristic features, such as pore size, shape and distribution, and closedor open-cell structure, can be tuned by changing the foaming manufacturing process parameters (Ref 3, 4) .
Shape memory alloys (SMAs) are smart materials able to show functional properties, namely shape memory effect and pseudo-elasticity or superelasticity; moreover, SMAs have high damping response, which can be used for absorbing an important amount of energy during the closed loop (Ref 5, 6) . In this class of material, Cu-based SMAs can be considered valid candidates for realizing smart porous structures, since they offer high damping properties, low melting temperature and relatively low cost (Ref 7 In this work, CuZnAl SMA and CuZn conventional brass open-cell foams were produced with average pore size of 3.5 mm through the liquid infiltration of space holder method. The novel aspect of the present work lies in the comparison between both the material type and bulk/foam configuration for underling the functional properties of the CuZnAl SMA foams. Microstructure and chemical composition of the bulk materials and foams were observed. Functional characterization of the SMA bulk and foamed samples was performed through differential scanning calorimetry (DSC) and compression testing at different temperatures during mechanical cycling. Both the shape memory effect (SME) and the pseudo-elasticity (PE) responses were detected in the CuZnAl alloy. The SME was compared in both bulk and foam samples for separating the contribute of the alloy from one of the cellular structure in terms of damping capacity. For comparison, the CuZn conventional brass was characterized as well.
Experimental
Cu 73 Zn 21 Al 6 SMA and standard Cu 60 Zn 40 brass ingots (60 mm in diameter) were melted in an induction furnace (Aseg Galloni VCMIII) under pure Ar flow. The SMA ingot was produced starting from pure elements (99% purity), while the brass one was melted starting from the commercially available material.
A part of the ingots was foamed through the method of liquid infiltration of space holders (Ref 8, 9) . Amorphous SiO 2 spheres (Sigma S7500 Type II), having a size of 3.5 mm ± 0.5 mm, were used as space holders. The main thermophysical properties of the SiO 2 beads are listed in Table 1 . Before the use of the beads in the foaming process, these were thermally treated at 900°C for 3 h for removing the residual humidity: both heating and cooling rates were controlled with thermocouples for avoiding thermal shock, which may generate cracks in the beads. In ''Appendix'', additional details regarding the thermal treatment of the silica gel are reported. As a result, different colors of beads before and after thermal treatment were observed, as shown in Fig. 1 : it was found a volumetric contraction of 20% and a mass reduction of 10% after thermal treatment.
The schematic of the foaming process is represented in Fig. 2 . The alloy was melted in the induction melting furnace; then, the SiO 2 beads were forced in the liquid until they were completely spread in the alloy. Later, during the material cooling resolidification of the Cu-based alloy/SiO 2 composite occurred, and finally, it could be extracted from the furnace.
After the foaming process, the space holders were removed using an aqueous solution with 50% HF, as indicated from the following chemical reaction:
Compositional analysis of the alloys produced before and after the foaming process was performed by electron diffraction spectroscopy (EDS) installed in a scanning electron microscopy (SEM Leo 1413), in four areas of 1 mm 9 1 mm in size.
Moreover, the bulk and foamed alloys were characterized through optical microscopy (OM) using polarized light after polishing of the sample surface and chemical etching (36% H 2 O, 36% NH 4 OH and 28% H 2 O 2 .
Calorimetric analysis of the CuZnAl SMA was performed on samples of about 10 mg, using a differential scanning calorimeter (DSC, mod. Q100 from TA Instruments) with an heating/cooling rate of 10°C/min. Two scans were done for each sample, and the corresponding transformation temperatures and enthalpies of the SMA alloy were measured.
Two types of mechanical tests were carried out in compression configuration by using a universal testing machine (MTS Alliance RT/100) equipped with a thermostatic chamber, operating in a temperature range from À 100 up to 170°C, and with 25 mm gauge length extensometers. Thermo-mechanical tests were firstly performed for the evaluation of the SME of the CuZnAl foam implementing the following steps: (1) cooling to the martensite finish temperature (Mf); (2) loading in compression up to a strain of 5% and then unloading at constant temperature; (3) heating above the austenite finish temperature (Af). A strain rate of 0.3 mm/min and a preload of 50 N were adopted during loading and unloading. Secondly, mechanical cycling at constant temperatures (between Mf and Af À 25 and 50°C, respectively) was performed on the CuZnAl and CuZn alloy in both bulk and foam conditions for the evaluation of the mechanical response in martensite and austenite. A strain rate of 0.3 mm/min and a preload of 50 N were set for five cycles with incremental strain of 1%.
The dimension of the samples tested in both the mechanical testing approaches was selected in order to have a height-tothickness ratio of 1.5 and square section with mean pore to sample size ratio larger than 7 to avoid size effects. The size of the bulk samples was 4 mm 9 4 mm 9 8 mm, while the size of the foam samples was 25 mm 9 25 mm 9 40 mm. Figure 3 and 4 show the microstructure of the bulk and foamed CuZn and CuZnAl alloys, respectively. The microstructure of the CuZn alloy (see Fig. 3 ) is a typical dual phase structure (a and b phases for Zn contents higher than 33%), while CuZnAl SMA was characterized by b phase grains (see Fig. 4 ), which is in good agreement with a previous work (Ref 12) . It is important to underline that the b phase is associated with austenite phase in the SMA and no a precipitates were visible at grain boundaries.
Analysis of Results and Discussion
These alloys show different microstructure morphology and size. The dendrite size of commercial brass is rather fine, in the order of the tens of microns. According to the evolution of the microstructure of the commercial brass from the ingot to the foam (see Fig. 3 ), an increase in the dendrite size is noticeable and a modification of its shape/orientation can be also observed. This is due to the different thermal history associated with VIM casting and with foaming process. The bulk alloy was realized in a large crucible, so the direction of solidification was almost isotropic, and then, it was water-quenched.
On the contrary, due to the low thermal conductivity of the SiO 2 space holders, the solidification time of the alloy was significantly longer. Moreover, a real quenching was not possible to be performed during the foaming process. The lower cooling rate generated a larger average size of the dendrites, in the order of few hundreds of microns in length and few tenths of microns in width.
According to Fig. 4 , the CuZnAl SMA ingot and foam were characterized by large grains in the order of hundreds of microns. The foaming process on the CuZnAl alloy led to the larger grain size, as previously discussed for the CuZn alloy.
DSC results of the bulk and foamed SMA are shown in Fig. 5 . It can be claimed that the CuZnAl SMA is in its austenitic state, as the MT occurred below the room temperature. This is consistent with microstructural analysis. In detail, the peaks of the direct and inverse MT are well noticeable for both the samples; the samples show a stable MT without any betatization treatment. The peaks of the foam look sharper than those of the ingot, indicating that the phase transformation occurs within a more limited temperature range. This behavior is due to different cooling rates during the casting and foaming 16) . The foaming method is indeed characterized by a slower cooling rate than the casting one. As a consequence, the more intense peaks of the foams are probably due to a thermal treatment equivalent to betatization, associated with longer soaking at high temperature.
In fact, the casting of the bulk alloy requires a shorter cooling than the foaming process: the volume of material to be cooled is lower than the one of the foaming (mass of the alloy only versus mass of silica and alloy); consequently, shorter cooling occurs. Moreover, due to the low thermal conductivity of the silica, the entire volume of material (silica plus melted alloy) requires longer time than what it should be necessary for the same volume made of the Cu alloy.
However, the transformation temperatures did not significantly change before and after the foaming process: just a small increase in the characteristic temperatures was detected, as reported in Table 2 . This is in good agreement with the results reported by Li et al. (Ref 10) regarding the foaming process of CuAlMn.
The chemical composition of the CuZnAl alloys was investigated through EDS analysis. The results are reported in Table 3 . No evident modification of the chemical composition was reveled from the mother alloy to the foamed sample. One of the most common problems of this alloy is the depletion of Zn, which can evaporate during melting (Ref 7). This compositional variation can modify functional properties of the material. However, the foaming process can guarantee uniform material chemistry, which is in good agreement with the calorimetric results.
The SME of the CuZnAl foam was evaluated through a thermo-mechanical loop in compression at a maximum strain of 5%. The arrows in Fig. 6 indicate the thermal and mechanical steps of the test. First, the foam was cooled down to À 50°C (arrow 1), below the Mf, in order to attain a fully martensitic structure; then, the foam was loaded up to 10 MPa to reach a strain of 5% (arrow 2), and then, it was unloaded (arrow 3). A residual strain of approximately 4% was detected in martensite; the detected recoverable strain of 1% is likely due to the elastic recovery of the cellular structure in the martensitic phase. Subsequently, the foam was heated up to 10°C, which is a temperature above Af: this allowed completing MT from martensite to austenite (arrow 4 and arrow 5). As a consequence of the phase transformation, it was measured that most of the initial strain (4%) was recovered, and only 1% of residual strain was measured at the end of the test. According to the DSC curves in Fig. 5 , the bulk and foam CuZnAl shows austenitic phase at room temperature; thus, a pseudo-elastic behavior is expected. In fact, at À 50°C the CuZnAl showed the mechanical response, characterized by unrecoverable strain, due to alloy plasticity, as depicted in Fig. 7 . On the contrary, as shown in Fig. 8(a) , the curve of the first mechanical cycle performed at 25°C shows indeed a SE behavior with complete strain recovery; on the contrary, from the second cycle accumulation of residual strain became predominant.
Except for the three initial cycles where the pseudo-elastic effect was noticeable, it can be underlined that the stress-strain curves of martensite and austenite in the bulk samples were similar; stress values were analogous; but the closed loop among unloading and loading of two neighbor cycles was completely overlapped in the martensitic state, while an hysteretical behavior was observed in austenite, according to the pseudo-elastic effect. By the tenth loading/unloading cycle, both the samples reached the maximum stress of approximately 800 MPa and the corresponding total accumulated deformation of about 8.5%.
The stress-strain curves of the CuZnAl foam, tested in both martensitic and austenitic states (see Fig. 7b and 8b) , show some similarities with the corresponding curves obtained with the bulk from a qualitative point of view. This allows affirming that the foaming process did not affect the pseudo-elasticity at room temperature of the alloy. The austenite accumulated less plastic deformation during cycling, since the maximum recovered strain is approximately 3%, which is higher than the one of the bulk. This higher recoverable strain can be associated with the characteristic of the foam behavior.
On the contrary, the martensitic phase showed differences between bulk and foam samples. A plateau of stress was indeed reached from the fifth cycle in the foam, while a continuous (1)
(5) Fig. 6 Thermo-mechanical test carried out on the CuZnAl foam to evaluate the SME Fig. 7 Thermo-mechanical cycling of bulk (a) and foam (b) in CuZnAl at À 50°C, showing the typical martensitic behavior stress increase was detected in the bulk sample. The strain recovery of the CuZnAl foams appears to be higher with respect to the bulk alloy. It is worth noting that no full strain recovery was noticed, even at low strain level (1%). Stressinduced martensite can be reached at a value of critical stress r pl of 12 MPa by the foam. Moreover, the stress values are subjected to a large change from the bulk to the foam: at the first mechanical cycle, in martensite the maximum stress drops from about 200 MPa down to 4 MPa, while in autensite it drops from 150 MPa down to 8 MPa.
For making a comparison between two different Cu alloys, Fig. 9 shows the stress-strain curves, performed at À 50 and 25°C, on the brass bulk and foam.
All the CuZn samples show mechanical behavior that does not depend on the testing temperature. The stress-strain curves of the bulk were characterized by continuous accumulation of plastic deformation upon each loading/unloading cycle (Ref 9), while those of the foams were associated with a densification effect, due to the collapse of the ligaments and pure accumulation of plastic deformation (Ref 17) .
During the mechanical cycling of the CuZn foam at both values of temperature, an initial rising of the stress can be detected and a smoother evolution of the maximum stress for each cycle is evident (Ref 17) ; the stabilization of the maximum stress in the foam occurred at 17 MPa in correspondence of a number of cycles higher than the one of the corresponding bulk. The foams showed a lower rate of accumulation of plastic deformation, as the cellular structure can offer lower strength and higher deformability, which can be associated with potential damping characteristic (Ref 18) .
Even if similar trends can be observed between the bulk and foamed samples of both the alloys, the values of the stresses involved are significantly different, because of the lower stiffness of the cellular structure with respect to the bulk.
In detail, a rise of the maximum stress was detected at the end of each cycle. From the third cycle, a stabilization of the stress slope was also observed during loading. Maximum stress of approximately 500 MPa was reached in the CuZn bulk sample, lower than that reached in CuZnAl. Vice versa, a value of the total plastic deformation of about 9.2% was obtained by the CuZn, which is slightly higher than the value found for the CuZnAl. The results obtained for the CuZnAl and the CuZn foams indicate that the stress-strain curves in compression have similarities to those reported in the literature for NiTi and Ti alloys, respectively (Ref 18). 
Conclusions
In this work, the functional, mechanical and microstructural properties of CuZn and CuZnAl bulk and foamed samples were studied. The following outlines can be summarized:
• The size of microstructural features of the two foams appeared larger than that of the respective bulk materials, due to the longer cooling from the liquid state during the foaming process. The pores of the foam can limit the grain size enlargement.
• Calorimetric properties of CuZnAl, before and after foaming, and compositional analyses indicated that no element content variation occurred during the process.
• The performance in terms of shape memory effect was evaluated on the CuZnAl foam; a strain recovery of approximately 3% on a total applied strain of 5% was obtained. 1% of strain was elastically recovered by martensite, and 1% was the residual strain after the phase transformation.
• CuZn did not show any differences in the bulk and foam configuration, while CuZnAl foam presented an improvement in the pseudo-elastic response with respect to the bulk. 
